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Aniline 




1.12 


g-Toluidine 


U.30 


3.15 


2-3(ethox3^iline 


JJ.I? 


3.77 


o-Toluidine 
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itt-Toluidine 


6.37 
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2,6-Xylidine 
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N-Methylanlline 


26 


19 


Pseudocujoldine (technical) 


26 


21 


Cumidijies (from synthetic cumene) 


.^L 


37 


N-Methyl-p-to].uidinfc" 


Ull 


ho 


p-Isoproi^] aniline 


62 


li5 


^-Isopi'opylaniline 


62 


u5 


M— J!iTiriyxani.j.xne 




P-L 


£ J u y o— xT dJiiRi^nyianiilne 


02 


OU 


a-^em— ISUT17/ Jjanxxme 




RR 

uu 


2"^ethv'X— 'i—isonrotjvlanilinfi 
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p-tert-Butylaniline 


HiO 


105 


N-Isopropyl-£-toluidlnf5 


1?0 


no 


2 ,U-Diethj'lsnilinB 


210 


155 


N-E thyl-£-t oluid ine 




220 


N-PropylanJ-line 


330 


21lO 


N, N-Dlmetbylaiiiline 


330 


2U0 


N-Butylanlline 


600 


Uxo 


N,K-Diethylaniline 


3000 


2000 



^Calculated from distribution ooefficlont on -.•/eicht basis. 



The greater t\v. distribntion coefficient, the less -vrLll be the pos- 
sible loss of additive irheT the fuel is stored over -water. The 
aromatic amine:: are therefore listed In order of Increasing suita- 
bility for fjvenrater storage of tlieir fuel blends. 

PrraODUCTTON 

The present iiork, viiioh is part of a genrsral exploratory pro- 
gram on the use of aromatic aminBs as antiknock additives in 
avdation gasoline, concerns tJie suitability of 27 aromatic a:nines 
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for ovenrater storage of their gasoline blends. The general program 
also Includes the deterirdnatlon of antiknock effectiveness, for 
which data have been reported for 1^ aminee (references 1 and 2} and 
the loir-tenperature solubility In gasoline, for which data have been 
reported for 1^ amines (reference 3) . 

HVhen gasoline containing an aromatic amine Is stored In contact 
with water, as Is the case In the widely used o-verffater storage sys- 
tems, the water extracts a certain amount of the amine from the 
■gasoline. The extent to which this removal of the amine can occur 
Is governed by the distribution law. At equilibrium, the ratio 
between the concentraticms of the amine in the two liquid phases of 
the gasollnenirater system is constant at constant temperature. The 
ratio of the concentration of am^-ne in the gasoline phase to that 
In the water phase at equillbirlTim la designated the gasoline-water 
distribution coefficient and Is Independent of the amount of f\iel 
or water In the system. Briefly stated, the greater this distribu- 
tion coefficient, tlie less will be the amount of amine leached out 
of tliB stored gasoline by ttie storape water. Relationships for 
estimating the concentration of amine in the residual gasoline as 
a function of the volume of gasoline stored In an ovemater system 
have been derived, which utilize the distribution coefficient (refer- 
ence 4. 

The purpose of this report is to present experimentally deter- 
mined gasoline-water distribution coefficients for 2? of the aromatic 
amines from the gtaieral program, to correlat-3 molec\alar structure 
with distribution coefficient where pojsible, and to evaluate from 
these data the suitability for overwatsr storage of fuels containing 
the various amines. 

Blends of 1, 3, and 6 percent by weight aromatic amines In an 
unleaded aviation gasoline containing 1$ percent aromatics were 
tested. Previous data on scylidines (reference S) have shown that 
temperature Is the most significant variable affecting the distri- 
bution coefficient J consequently, the distribution coefficients were 
measured at U0° F and 100° F. 

The general program was requested by the Amy Air Forces, 
Uateriel Gommdnd. The tests were performed at the MAGA Aircraft 
Engine Research Laboratory, Cleveland, Ohio, between July 19U3 Bjod 
Uarch 19Ui. 

The data for all the aromatic . amines In the program, whether 
for antiknock effectiveness, solubility at low temperatures, or 
ovemater-storage suitability, are not as yet complete* When the 



tests are concluded they, together irlth economic canslderatlons« 
vill indicate which aromatic amines are irortty of more extensive 
tests and more definite consideration as additives in aviation fuel. 



BLEND CONSTITUEMTS 

The fuel used throughout the entire investigation yrss an 
unleaded grade 6? gasoline from which the aromatic hydrocarbons had 
been removed hy successive extractions with 10 percent fuming sul- 
furic acid and silica gel (analysis shoved less than 1 percent aro- 
matics after extraction) . A 15 percent by volume concentration of 
an aromatic-hydrocarbon mixture consisting of five parts xylene, 
two parts cumenej and one part toluene was then added. This fuel 
approximated the con?)osltion of typical current aviation fuels and 
also permitted specific knowledge of the aromatic content. 

The aromatic amines tested, the physical constants of which are 
given in table I, either were purchased as the best grade obtainable 
and subsequently purifif^d or were synthesized and purified at this 
laboratory. All are believed to be at least 95 percent pure. In 
several cases, namely where the literature on the compound and- its 
propfirtiss was either missing or discrepant, purity of graater than 
99 percent was attained for the compound in order to provide accurate 
physical constants to supplement the chemical literature f 



M'PARATUS Am PROCEDURE 

Approximately 25-gram quai-Ltitiss of gasoline blends containing 
1, 3» and 6 percent by weipht of the amine rere pr--; pared, and a 
quantity of distilled water equal in yreight to the gasoline was 
added. After tests with various types of bottl-3S and closures, a 
125-milliliter amber glass bottle provided with a screw cap fitted 
with a rubber gasket and a tinfoil lj.ner was found to piv? satis- 
factorily reproducible results. This contaiocsr >.-as found to be 
leakproof and to eliminate variations in the analytical results 
caused by contamination or absorption of the sample by the bath 
water or by the closure material. Tho bottles and their contents 
were rotated on wheels in constant-temperature baths (liO° F and 
1CX)° F) to attain equilibriiun. Tests shovrad that equilibrium con- 
ditions were reached withi.n 20 hours of agitation. After thw agita- 
tion, specimens of the water layer were removed from the gasoline 
layer with a s^paratory funnel. 

The water samples ware analyzed with a commercial spectropho- 
tometor having a quartz optical system and a 1-centimcter absorption 
cell. Ultraviolat light of approxiraately 2350 A trave length was 
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enplajyed because of the distinctive light absoj^ptlon exhibited bgr 
-water soLxitions of aroniatic ananes at this nave length. The extlnc- 
tioa.af the 3anaple« corrected by subtracting tjhf% .ext4.iiction of a 
"blank" determinatian (that is, a water extract of andne-free gaso- 
line) mas congjared irith the extinction of standard water solutions 
of knonn amine concentrations. Extinction is the negative logarithm 
of the fraction of the incident light transmitted. For many of the 
amines it was necessary to dilute the sanples quantitatively with 
distilled water to bring the observed absorption value within the 
range of the instrument. 

Standard solutions were prepared either ty dissolving a weighed 
amount of amine in water and diluting to the desired concentration 
ar« where the surface tension of the amine prevented direct dissolu- 
tion, by dissolving the amine with a measured qviantity of acid, 
diluting, neutralizing the acid with a predetermined titer of base, 
and finally diluting to the desired concontration. 



AccimACY OF hb&suri!:mf;nts 

The uncartainties in the values of the distribution coefficients 
rgportt'd vary with the magnitudo of tha distribution coefficient. In 
general, the uncertainties will be smallest For the aromatic amines 
which have lovf distribution cosfflcients and greatest for the amines 
which havB high distribution coefficients becaune the calcalation of 
the distribution cocsfficient is '.lopi.-ndc-nt upon the accur-icy of the 
speotrophotorafitric moasurenvint of the aromatic-ami nc conucsntration in 
the -wator sample. This concBntration can be detorninod vdth greatest 
accuracy when th/5 araoxmt of aromatic amine in the water is large i 
that is, when th& mapnLtuda of the correction for thp^ blank detorrai- 
nation is relatively small. . 

Errors in the moasurod concentrations of aromatic amini=:s in 
water were caused by di].ution of the yrator samplo, spoctrophotometrio 
measurement of extinction, and correction for the blank sample. The 
average error is estimated to be about ±0.002 in each aromatic-anlne 
concentration reported. 

If the error in the amine concentration is assumed constant at 
dbO.002, the error in bhn distribution cosfficisnt will bs about ±0.J 
when the distribution coefficient is ?.0 but, when thu distribution 
coefficient is 200, the error will be about ±30, which is relatively 
about 10 times as large. If tho practical aspiscts of t}ie analyses 
are kept in adnd, how3VC>r, it is apparent that the need for accurate 
values of the distribution coefficients is greatest for ths aromatic 
amine having low distribution coefficients, whsreas, for distribution 
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coefficients greater than 200, the errors in the estimated losses 
of an aromatic amLne from a fuel blend stored over water are hardly 
significant. (See reference 4.) 

As a check on the accuracy of the spectrophotometric measure- 
ments, -nater extractions were made of gasoline containing 1 percent 
aniline at U0° F and 100° F and analyzed for aniline nith the 
spectrpphotonieter and Ipy the Ejeldahl nitrogen method.. The results 
?Fere in good agreement, as indicated in the following table: 

PERGEMTAGE ANILINE IN HkTifR EX7W.CTS OF 

GASOLIME CONTAINING 1 PERCENT ANILIITO 



Temperature 
(°F) 


Spectrophotometer 


KJeldahl 


ko 


0.U05 


o.Uol 


100 


.288 


.291 



CALCULATION OF DISTRIBUTION GOiLFFICEElisTS 

The distribution coefficients were calculated from the following 
expression in which concentrations are expressed as percentages by 
weight of each phase: 



We (Wg + ^r) 



where 



'e - 100 - c. 



yij, - Wo - We 



Assuming the validity of the Beer-Lambert law, 

Egf - Eb 



and 



E 



k - 



Bt 



°St ^ 



(1) 

(2) 
(3) 

(U) 
(?) 
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For these expressloas 

gasollne>^irater distribution coefficient (weight basie) 
VTr weight of amine remaining in gasoline phase at equilibrium 
We weight of amine extracted by water phase at equilibrium 
Thr weight of water 
Wg weight of gasoline 

Cg concentration of amine in water aaji^e, percentaese by weight 

Wq weight of amine originally in gasoline 

Eg observed extinction ol' dilnie'l water sample 

El) observed extinction of blank Tratcr sample obtained by shaking 
diatillpd -water irlxb an ©luiil #oight of amine-fiee gasoline 

Eg'); observed, extinction c£ standard water solution 

f sample dilution factor 

k specific-extinction coefficient 

Cgt concentration of amine in standard w;it<?r salution 

I length o^ ceil 

Extinctions Eg, E\), and Egt were corrected for dil'ferences in 
absorption>-cell characteristics. The corrections were obtained by 
measuring the ext-inctions between the two cells when both were filled 
with distilled water. 

Any distribution coefficient ca].culated on a weight basis may 
be converted to a volume basis by multipCLying by the specific 
gravity of the gasoline solution: 

w 1 = v_^/S'2nsity of pasoline solu tioiA 
^l ^denalty of water salution J 

It should be. noted that, although the distribution coefficient on a 
weight basis may be converted to a volume basis by this equation, 
the conq;>uted volume coefficient still pertains to the original weight 



8 



concentration of aromatic amine in the fuel blond. The volume con- 
centration of aromatic amine in a fuel blend may be calculated from 
the freight cancentration by the following f cxrmula: 

Pf 

°vol ■ °Trt ^ 
^a 

where 

CyQ]_ concentration of aromatic amine in fuel blend, volume basis 
c^ cancentration of aromatic amine in fuel bl end, weight basis 

density of fuel blend at temperature of measurement 
p density of aromati.c amine at temperature of measurement 



RESULTS AND HISCUSSIOM 

Table IT presents the Bxperimentall/ determined valuea of 
gasoline-water distribution coefficients arranged in order of 
Increasing distribution coefficient for the aromatic amines tested. 

Correlation of digtribation ooqfficjent ifith mclocular struc- 
ture . - In order to correlate reailily distribution coef f Lcient with 
molecular structure, distribution coerf icie.'its on a -w^iptht basis for 
solutions of 3 percent amne in gasolins at ItO*^ F wore pTottod as 
figure 1. The following observations are ao7;arfjnt. from this figure: 

(a) The distribution coRff icionts showed approxlraately a 
2000-fold range in 'vaLue from aniline to diethiylanilii'ie. 

(b) For a given aromatic nucleus, adding -GHz to N has a 
greater effect in increasing the distribution coofxicient than adding 
-^H^ to the ring or to a side chain. 

(c) Increasing the cl-iain length of an N-alkyl substituent 
increases the distribution coefficient for a given aromatic nucleus, 
which is evidenced by ibe solid lines through the N-alkylanilines 
and the N-alkyltolud dines . 

(d) For a given aromatic nuclous, successively adding alkyl 
groups to N increases the distribution coefficient, demonstrated 
by the dotted lines through the N-alkyl and ri^K-dialkylaniline. 
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(e) Increasing in arsg- way the number of carbon atoms In the 
aryl radical Increases the distribution coefficient. This increase 
is illustrated by numerous examples in the data, particularly by 
-the broken (dot-dash) line through aniline, the toluidines, and the 
xylldines. 

(f ) For a gi-ven nuriber of carbon ato<ns, branching of the alkyl 
chains attached to nitrogen decreases the distribution coefficient, 
as illustrated In the cases of N-propylaniline, N-isoproFQrlaniline, 
N-butylanlllne, and N-tert-butylanlline. 

These observations would be the same for any of the other test con- 
ditions that may be selected. 

Orerwater storage of Tuel blends. - In order to utilize these 
data successfully, it mast be understood that the maximum extent to 
which water can extract an aromatic-amine additive from gasoline is 
essentially governed by th*? distribution Ian. Figui^e 2 presents the 
Tniniraum possible additive concentration in the fuel remaining in the 
tank after part of the fuel lu displacsd from a full tank with amlne- 
free water. Etemoval of i-hs fuel in a single batch permits the 
greatest amine loss. &.ny staprrise rpiaoval of stared fuel will result 
in a loner loss of additiVQ from the stored fuel than that indicated 
by figure 2. Figure 2 was derived from the equation of reference 4 



X' concentration of additive in gasoline ^tcr re:floval of batch of 



X concentration of additive in gasoline bof ore removal of batch 



"Vyf volume of water in tank baf ore removal of batch of fuel 

7jfi volume of water in taidc after removal of batch of fuel 

Vg I voLume of fuel in tank after removal of batch .of fuel 

The greatest possible loss of .idditive from the gasoline remaining 
in the storage tank, ho^vor, saldom occurs in the use of t!ie ovemater 
fuel-storage systems. For example, analyses at Intervals of the gaso- 
line layer of tanks containing zj'lidins-bleniied f^ool (reference 4) 
have shewn that the loss of xylirline concantrat Lon from the fuol is 




where 



fuel 



of fuel 
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considerably less than that represented figure 2. It seems likely 
that, in practice j distribution of the aromatic amines betireen the 
fuel and water layers is governed to a large extent by the rate of 
diffusion of the amine through the solutions and across the liquid 
interface « as nell as by the equilibrium coefficient of distribution. 

Obviously, the ovenvater storage of fuel blends of aniline, 
Tnhich has a distribution coefficient of about 1.5* could result in 
serious losses of the additive. }Sylidines with a distribution coef- 
ficient of about 20 liave been stored over water without serious loss. 

Losses of andnss with distribution coefficients in the neighbor- 
hood of 100 can be neglected except for the last portions of the fuel 
withdrawn from the tftnk. Depletion of the additive from a small por- 
tion of fuel may occ.ir if extracted by a large volume of amine-free 
water. This situation may be avoided, however, by not emptying the 
tank of the last part of the amine-blended fuel. 



SmaMRI OF RESULTS 

Gasoline-water distribution couf ficients were measurod Tor 
27 aromatic asnines for 3 different conceniirat j ons at each of 2 te^^- 
peratures. The aromatic amines studied may be tabulated in order 
of their decreasing suitability for cvirwater storage of theij blends 
as follows: 

N,N-Diethylaniline 

N-3utylaniline 

N .N-Dimethylaniline 

M-Propylanili ne 

N-Ethyl-£-toluidine 

2 .U-Diethylmi 1 ine 

N-Isopropj''l-£-toluidine 

p-tert-ButyLm LI ine 

2-Mpthyl-?-isopropylanilJaie 

W -tert- Buty 1 anil ine 

2 ,ii,6-Tri-!iot!Tylani].ine 

N-ISthylaniline 

N-T.Bopropylaniline 

^IsopropylTniline 

N-?lRtJTyl-p-tol uidine 

Cumidine3'~(fro.'n s/nthetic cumonc) 

Pseudocumidine (technical) 

N-Mb thylani line 

2,'5-Xorlidine 

2,ii-X7lidine 

\ 
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Xylldlnes (teolmioal) 
2,6-3:ylidlne 

m-TQluldlne 

o-Toluidlne 

£-Toluldlne 
AAlllufi 

Bsferenoe to figure 1 eliofra tbat the dlatrHiutlon ooefflolent 
can "be Increased "bj the follovliig ohanges In molecular structure: 

1. Mdltion of alkyl groups to either the JS atom or to the 
aromatlo nucleus 

2. Substitution of atral^t carbon atcm chains for branched 
chains of the same nuinber of carbon atoms 

3. Mdltion of a glTon aUsiy^l group to N rather than to the 
aromatic nucleus 



Aircraft Engine Besearch Laboratory, 

Ibtlonal Advisory Committee for Aeronautics, 
Clovelaiid, Ohio, August 3, 1944. 
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TABLE I - PHISICAL PROPERTIES GF AR(mTIC AMIIjES TESTED 





Boiling range 


Refractive 


Density at 




at 760 mm 


index 


20° C 


(°C) 


20 C 


(gramB/ml) 


AAA ' 1 ' ' "* 


iftli.o - l81i,t> 




1.0220 








.9860 


N~Ethvlanlllne 


20? - SOliftO 




.9607 


N— Pr onvT a'n IT t nft 

111 A X ^MJ* aLM' II I.LI in 


220. - 22?. 




.9Ui8 




206. - 209.0 




.9?7li 




2L0.0 - 2kO.(^ 




.9?2? 




^91^.0 fl6 mm5 


1 . 5270 


.92lili 










N«N-Dlettylan3J.lne 


21ii.O - 217.0 


i.5ia8 


.95li7 








.9989 




90?. c; w po^.c; 




.989? 


TV- T r^T ni rt "1 no 


bljl, n _ IiL.ll 








.9610 


S-tfethvl-D-toluidine 


209.0 - 211.0 


1.5570 


N—Ethvl— D— toluldine 


217.0 - 220.0 


1.5U59 


.9UU1 


W— la onronvl—TJ— t oluidine 


222.0 - 22?. 0 


l-'j'319 


.9258 


n^THnnfrtnivT ann 1 "i no 


22K.< - 226. 


X ■ ^t4^ u 




niiTn*) Hi noR 1 "TT^om Rvnt.Vio^.l r* r*iiTnonp i 
u muxiAX I m p \JL X Will ojftx wiio wjlw wluiksaic y 


22^.0 - 226.0 






TV-t ei?t-«Rii"t v"LaiiT_X i no 


^96. - 98.0 


1.5388 


.9UU6 


(5-6 mm) 






2,U~Xylldine 


215.0 - 215.5 


1.5591 


.9751 


2,5-Xylidlne 


216.0 


1.5596 


.9755 


2,6-Xylidine 


216.0 - 217.0 


1.5616 


.9768 


2 .U-Diettylani-line 


211.0 - 2U2.0 


l.5l»35 


.9511 


2-?iQtlvl-5-isopropyianilinfi 


2U0.0 - 2U2.0 


1.5U03 


.9U36 


2 ,U,6-VriTiie-tiTylaniline 


^110.0 (15 mm) 


1.^502 


.9615 


Pseudociunidine (technical) 


225.0 - 2ia.o 


1.5568 


.9720 


2-',fethoxy aniline 


22U.O - 225.0 


1.5750 


1.0931 


Jylidines (technical) 


216.0 - 219.5 


1.5601 


.9771 



distilled under reduced pressure. 

^^Itlng point instead of boiling ranpe Kas measured for this solid. 



National Advisory Committee 
for Aeronautics 



T»BLB II - DISTRIBUTION OOEPKICIEHTS OF AROMATIC ANINBS TESTED 
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Tcaparatura, °F 






40 


100 




Jriglnal 


'oncan* 


Dlatrl- 


>latrl- 


Joncan* 


Dlatrl- 


Dlatrl- 




;oncen- 


' t«at f fin 


but 1 on 


jutl on 


tratlon 


but Ion 


butlon 


AbIim 


< rat Ion 






coafri- 


Ln watar 


coarn- 


coaffl- 




n fuel 


it aqul- 


clant on 


slant on 


It aqui" 


clant on 


clant on 


- 


p«peant 


lbx*lun 


waight 




llbrliai 


waight 


VolUSM 




>y w»lght) 


po r cont 




'«»lT*'° 


( psrcont 


baiia 


baal?**^ 




3y w* 1 ght ) 


T>C 


'Srol 


by waight) 


Ntt 


'^ol 


AnlUlM 


1 


0.405 


1,48 


1.08 


0.287 


2.50 


1.76 




3 


1*200 


1.53 


1.12 


.850 


2.57 


1.81 






2.178 


1.84 


1.3S 


1.557 


2.»4 


2.07 


f (Mil Ad AIM 


« 




— itfe- 


S.tA 


■ ■ IlS4 


■r.r 


III 


3 


.871 


4.30 


3.1B 


.352 


7.6 


5.4 




6 








.569 


■ 9.7 


6.6 


7-mfioxyii3irm 


X 


.IBS 


AA6 


S.S6 


.1» 


<.0 


4.6 


3 


•491 


6.15 




.350 


7.6 


S.4 




6 


.846 


6.21 


4. 94 


.632 


8.6 


6.1 




1 


— — 


i.t6 


4:i8 


loss 


,t|. 


■— «:« ■ 


3 


•415 


6.24 


4.58 


.267 


I0.S 


7.S 




6 


.70S 


7.62 


s.so 


.480 


11 .6 


e.s 


Ma<Pn1 Mt ^4 


« 

X 


!l54 


9.51 


4.04 


.104 


-s.« 


sit 




^ 


.410 


6.37 


4.66 


.282 


9.7 


6.8 




6 


.717 


7.47 


S.47 


.SOS 


11.0 


7.7 


S.t-Tylldln. 


1 


.063 


15 


11 


.040 


Sf^ 


W 




3 


.173 


16 


12 


.109 


27 


19 




fi 


.290 


20 


IS 


.190 


31 


22 


Xylldliw* (toohnlcsl) 


1 


.050 


19 


14 


!o33 


29 


40 


3 


.143 


20 


15 


.063 


35 


25 




g 


.260 


32 


16 


.157 


37 


26 


2,4-Xylldln« 




.053 


18 


13 


.OSl 


51 


22 






.142 


20 


IS 


.089 


32 


23 




, si 


.E57 


22 


16 


.170 


34 


24 


Z,5-Xylldln« 




.048 


20 


15 


,029 


33 


23 






.132 


22 


10 


.085 


34 


24 




__.fi 


.225 


26 


19 


.149 


39 


27 


N-Mathjlanlllm 


X 


.CMl 


23 


17 


.029 


34 


24 


3 


.112 


26 


19 


.076 


39 


87 




6 


,185 


30 


22 


.141 


41 


29 
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Figure 2. - Maximum possible loss of additive from fuel stored over water. A value for the dis- 
tribution coefficient is required for the particular system, but the plot is Independent of the 
original concentration of additive, nature of the two fluids, or temperature. 
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